Abstract: Huygens' equivalent principle suggests that surface electric currents can be combined with magnetic currents to tailor electromagnetic (EM) wavefronts. Usually, the passive strategy is evolved into the concepts of sheet admittance and impedance. This paper attempts to resume the concepts of passive electric and magnetic currents and propose a novel design strategy for the transmitted phase of reflectionless metasurfaces with complete 2 phase coverage. Split meander lines, plus spiral rings, are carefully adjusted to accommodate complex equivalent currents for generating the required transmitted phase. Both experimental and theoretical results verify that metacells proposed in this paper can be integrated to control the EM wave flexibly and efficiently. Furthermore, the concepts of combined passive electric and magnetic currents can be easily extended to design optical antennas and other plasmonic devices.
Introduction
Arbitrary control of electromagnetic waves can be realized by tailoring their wavefronts. Lenses, prisms, and gratings are the conventional devices used to modify the phase and polarization along the propagation path to control wave beams. However, the dimensions of these conventional components are usually of bulky size due to its multi-wave interaction which imposes restriction on their miniaturization and integration. Metasurfaces are ultrathin metamaterials that can efficiently manipulate wave front to exhibit fascinating properties, such as bending beams [1] , [2] , converging beams [3] , [4] , and wave vortex plates [5] , [6] . Previous researches have demonstrated that V-shaped metacells with flexible abrupt phases can be arranged to obtain fascinating anomalous beams, and such metasurfaces provide great flexibility to design objective refraction and reflection waves [7] , [8] . However, unnecessary ordinary beams are usually produced in the process of generalized Snell's laws. The desire to tailor optical beams beyond conventional lens or gratings has led to fervid discussions on optical transmit array [9] - [12] . Some novel concepts, such as optical nanocircuit [10] and all-dielectric Mie-type mode [11] , have been proved to be of high-efficiency to control optical or near-infrared beams in the subwavelength scale. Wavefronts can also be manipulated efficiently by certain frequency selective surfaces (FSS) [13] , [14] , but the principle is different from that of optical antennas. FSS at radio frequencies (RF) usually act as anisotropic impedance sheets to control electromagnetic transmission. However, acquiring total 2 phase changes with FSS require multilayers, which makes the bulk size rather large. Recent studies have demonstrated that the equivalence principle and the transmission-line theory can be utilized to design Huygens metasurfaces to control the electromagnetic polarization and the transmitted phase [15] - [18] . What's more, these metasurfaces with surface electric and magnetic impedance can redirect the wave beam with nearly 100Q efficiency to the anticipated direction. In addition, dynamic control of tunable Huygens metasurfaces has also been verified experimentally [19] .
Generally, Huygens principle suggests an active strategy and a passive strategy, which can both be adopted to control wavefronts. In a previous study [15] , passive surface current strategies were evolved tactfully into concepts of sheet admittance and impedance. The design of metal patterns for the required impedance and admittance is rather difficult, however. In this paper, we attempts to resume the concepts of passive electric and magnetic currents, and propose novel metastructures to generate equivalent currents to produce complete 2 transmission phase coverage. Integrated samples were also manufactured and studied experimentally to verify the performance of the metasurfaces. Both of experimental and theoretical results verify that metacells proposed in this paper can be integrated to control the EM wave flexibly and efficiently. Further, the concepts of combined passive electric and magnetic currents can be easily extended to design optical antennas and other plasmonic devices.
Design Principle
Huygens principle suggests that the transmitted fields above an imaginary interface are obtained by placing suitable fictitious electromagnetic sources which satisfy the boundary conditions over the surface. Thus, the transmitted phase that covers the range between À and þ can be tailored by exciting suitable electric and magnetic currents. Fig. 1(a) shows an electromagnetic (EM) plane wave incident vertically at subwavelength metasurfaces with the thickness of =10, where metasurfaces can be considered as an infinitely thin interface. In the design proposed here, a series of equivalent electric and magnetic dipoles are excited by appropriate strip and ring structures in the illumination of a plane wave. These dipoles are then utilized to discretize surface currents.
The transmitted phase in the unit cell is generally affected by two processes. First, equivalent currents are excited in the metasurfaces by the incident field with an incident phase shift. Second, harmonic surface currents generate the wavefronts of the transmitted field, producing reradiation and second subsequent phase shift. The total transmission process thus composed of the excitation and reradiation of the equivalent currents. If each part of the process is specifically analyzed, the calculation will be exceedingly complex. In effort to avoid this, an entire boundary analysis is adopted here to simplify these two processes, and the internal phase shifts of each part are not considered separately in the following analysis.
If metasurfaces can redirect close to 100Q of the incident energy into the refracted beam, the transmission coefficient T ' of the transmitted phase ' will be close to 1. Surface currents of metasurfaces with specific phase shift can be expressed as follows:
where ! is the radial frequency, p e and p m are the discrete electric and magnetic dipoles, and P is the sum of all units. A plane wave of x polarization is illuminated vertically on the metasurfaces as shown in Fig. 1(a) , where the discrete dipoles in each unit have the same incident case. Equation (1) can thus be considered as the design principle of the equivalent dipoles in one cell. The design details of the unit structures are further discussed below.
If the transmitted phase shift is required to be þ, equivalent currents in one cell will bẽ
Metal meander lines and metal rings [20] in each cell are used to generate the dipoles. Both have relevant resonant features. Equation (2) takes into account the fact that the excited electric current has the same polarization as the incident direction, as does the magnetic current. This suggests that the resonant frequencies of the electric and magnetic units should be higher than the incident frequency in order to activate their paraelectric and paramagnetic states, as shown in Fig. 1(b) and (c).
In the proposed design, the size of each unit is adjusted carefully to obtain the required states. Fig. 1(d) shows that the surface currents are excited both in the x and z directions. X-polarized currents located on the upper and bottom strips can enhance each other, but adjacent z-polarized currents are cancelled out. As a result, discrete currents can be integrated into an equivalent x-polarized current. Annular currents of the magnetic cell excited in a clockwise direction, which produce a y-polarized equivalent magnetic current, are shown in Fig. 1(e) . Consequently, a transmitted field reversed in relation to the incident field is generated in order to match the surface currents in the interface, forming a þ transmitted phase shift. Some less obvious currents may exist, generating unwanted radiation, which are ignored to make the proposed design more concise.
Here, the case of zero transmission phase can be discussed briefly. Based on the boundary condition of (1), both of the surface equivalent currents should be zero, and only in this case near-unity transmission will occur. In our design, two concise structures, SSR (single split ring) and single meander line (SML) are chosen to produce the required electric and magnetic performance. Due to their intrinsic LC resonance characteristics, the near-unity transmission peak always presents a zero transmission phase. Hence, both of resonant peaks of these two structures should be adjusted to the same frequency, which generates the zero state of surface equivalent currents, as shown in Fig. 2 . Insets illustrate that surface currents of SSR and SML are rather weak at 10 GHz, which is in agreement with the prediction of (1).
If the transmitted phase ' is required to be À=2, the equivalent currents in one cell should bẽ
Equation (3) implies that there are two parts to the equivalent currents, and that imaginary components have been delayed by the þ3=2 phase. To account for this, two "S" structures are arranged closely to constitute the split meander lines, adopted to produce objective complex currents, as shown in Fig. 3(a) . In the proposed design, the gaps in each "S" structure have been expanded significantly to minimize their internal capacitances. The mutual capacitance of adjacent "S" structures in a single unit can also be enhanced by narrowing their distance. Mutual capacitance and internal inductances thus constitute an LC resonance, which motivates currents to resonate periodically. During harmonic illumination, currents in the bottom strips are excited first, and currents in the left side are more significant due to their proximity to mutual capacitance. During the resonance process, current distribution is uneven due to asymmetrical structures. Mutual capacitance and internal inductances alternate charging and discharging, which drive the total currents flowing from the left side over to the right side. The left currents, excited first, can thus be considered the real components, and the right currents, primarily produced with þ3=2 phase delay, can be considered as the imaginary components. To illustrate the amplitudes of the imaginary currents in the right strips, simulated surface currents at the harmonic phase of À=2 are shown in Fig. 3(b) , with amplitudes nearly equal to those of real currents. This proves that the complex electric currents described in (3) can be generated by the split meander lines discussed above.
The magnetic currents in (3) also contain the imaginary components. Spiral structures are employed by the proposed design to carry both real and imaginary currents. The excitation principles of the spiral structures are similar to those of plane spiral antenna [21] or magnetic localized surface plasmons [22] . The incident magnetic field propagates along the z direction, and the currents of the bottom arm [the first arm shown in Fig. 3(c) ] are excited first. Next, the capacitor between the top and bottom arms starts to charge and discharge alternately, and the discharge effect makes the phase of the top resonant currents fall behind þ3=2. To illustrate the amplitudes of the imaginary magnetic currents, total currents are compensated by the À=2 phase, as shown in Fig. 3(d) . The simulated results in Fig. 3(c) and (d) show that the amplitude of top currents are approximately equal to the bottom currents, and that complex magnetic currents can be produced in the spiral rings. Consequently, the imaginary currents combined with the real components generate a transmitted field with À=2 phase shift. It's worth noting that these design principles are also applicable to other discrete transmitted phases. Unit structures must be adjusted carefully to obtain suitable imaginary and real components. As a result, a set of resonant cells (as shown in the top of Fig. 4) are created from the initial two units, and their transmitted phases cover the entire 2 range. Full-wave simulations of the y-polarized magnetic field are also shown in Fig. 4 , in which the normalized H y amplitudes radiated by the eight metacells are nearly 0.9, with a þ=4 phase increment.
Explanation for High Transmittance and Measurement
To explain the high transmittance of these metasurfaces, their effective refractive index and normalized impedance are obtained based on the effective medium assumption. Simulated results versus transmitted phase at 10 GHz are shown in the inset of Fig. 5(a) , demonstrating that the effective impedance of the metacells is close to wave impedance in air. This effect is also illustrated by the results shown in Fig. 1(b) and (c) . The effective permeability created by magnetic currents is close to the amplitude of the effective permittivity produced by electric currents, therefore, the impedance generated by the combination of the equivalent electric and magnetic currents is matched to that of air. The imaginary parts of the refractive index are practically tiny. Hence, these two factors make a low reflection on the interface and a weak loss through the slab before generating a relatively high transmittance. If the metasurfaces are assumed as the isotropic slab, transmittance T can be described by the slab model under a vertical incidence
where R is the reflection coefficient of the interface, is the normalized effective impedance of the slab, n is the effective refractive index, d is the thickness of the slab, and k is the wavenumber in the air. The tendency of the theoretical transmittance calculated by (4) is consistent with simulated results, though the former is a little higher, possibly due to the scattering caused by anisotropic structures that are not represented in the equation. Fig. 5(b) shows the top and bottom sides of a single metasurface sample, and each 8 patterns inside the red frame are printed on the Taconic TLT substrate (" r ¼ 2:55, tan ¼ 0:0006). In order to capture enough energy from the incident straight beam, these metastrips are stacked vertically in the y direction to form an integral 200 Â 200 mm aperture. Then this integral aperture was measured using a near-field scanning system, and actual radiation patterns are displayed in Fig. 5(c) and (d) . The azimuth angles of the main lobes on experiment are approximately consistent with the simulated results, and the actual beamwidth of the normalized main lobe is narrower than the simulated beam which is caused by the higher level of side lobes and larger diffraction loss. Regardless of side lobes in undesired directions, the actual refracted efficiency is slightly lower than the simulated level, as shown in Fig. 5(a) . The results summarized in Fig. 5 demonstrate the definite refracted performance of our metasurfaces with a high transmission.
Conclusion
This paper has demonstrated that it was possible to construct suitable equivalent electric and magnetic currents using passive associated structures to generate an objective transmitted phase. Metal meander lines combined with metal rings were utilized to carry the totally real currents, which produced À or þ phase shift. Furthermore, complex currents were shown to play a key role in the intermediate transmitted phase. In the proposed design, split meander lines and spiral rings together generate suitable complex currents and achieve À=2 or other desired transmitted phases. To conclude the analysis, an isotropic slab model was utilized to explain the reasons behind high transmittance through the metasurfaces. Then, the metasurface samples were measured to demonstrate their actual performance as the theoretical design. Eventually, both experimental and simulated results show that the integration of the metacells proposed in this paper can tailor wave fronts flexibly and efficiently and that the principle here can be easily applied to design optical antennas and other plasmonic devices.
